This study tried to use a sono-Fenton process to degrade the ethylenediamine in wastewater for enhancing its biodegradability and investigated the effect of experimental parameters, such as H 2 O 2 and Fe 2+ concentration and reaction temperature, on the degradation of ethylenediamine. The reaction was initiated at ethylenediamine concentration of 50 mg/L and pH 3. Experimental results indicated that the degradation of ethylenediamine was insignificant with a sole ultrasound for 60 min reaction, where the biodegradability (BOD 5 /COD) was slightly increased from 0 to 0.2. More than 50% of ethylenediamine degradation coupled with 20% DOC (dissolved organic carbon) removal was found at 100 mg/L H 2 O 2 and 40 mg/L Fe 2+ in sono-Fenton process. Biodegradability of treated wastewater was also effectively increased to 0.7, which could be supposed as a biodegradable wastewater. Five reaction temperatures were carried out in this study, where the 25°C was more suitable than other reaction temperatures for the degradation of ethylenediamine in wastewater. Based on the results shown in this study, sono-Fenton process not only could degrade the ethylenediamine and render it biodegradable but it could also be suitable as a pre-treatment method for the degradation of refractory ethylenediamine in wastewater before entering the biological treatment units.
INTRODUCTION
Advanced oxidation processes (AOPs) have been employed as attractive alternative methods for the removal of hazardous materials from wastewaters. In principle, AOPs are known to generate highly reactive and non-selective hydroxyl radicals (·OH), which are able to oxidize almost all toxic organic compounds and non-biodegradable pollutants. Ultrasound is a novel method in which water molecule undergoes molecular fragmentation and releases ·OH through high-frequency acoustic cavitation (Hoffmann et al., 1996; Wang et al., 2008; Joseph et al., 2009) . Over the last few years, ultrasound has been studied extensively for the degradation of organic pollutants in water/wastewater. However, the major disadvantage of water sonolysis is the generation of insufficient quantity of ·OH. Thus, several sonolysis studies conducted with the addition of chemicals such as Fenton's reagent or ozone, or combination with UV radiation have amplified the ultrasonic action (Kidak and Ince, 2007; Wang et al., 2008; .
The production of OH by ultrasound with water molecules is shown in Eq. 1 to Eq. 4, where the symbol ")))" in equations indicates ultrasound irradiation. The reaction mechanisms in the presence of Fe 2+ and H 2 O 2 (Fenton's reagent) in an aqueous solution with ultrasound are much more complex than as reported in Eq. 1 to Eq. 4. It is well known that the degradation of organic pollutants under Fenton oxidation is mainly by ·OH/·OOH that can be generated by the inter-reaction of H 2 O 2 with Fe 3+ and Fe 2+ in acid solution according to Eq. 5 and Eq. 6. These ·OH production reactions have been used extensively for the oxidation of many hazardous organic pollutants such as phenols, chlorinated phenols, pesticides and herbicides from water and wastewater, and to reduce the chemical oxygen demand (COD) and dissolved organic carbon (DOC) contents (Neyens and Baeyens, 2003; Momani et al., 2004) and ·OOH (Eq. 8), the reaction rate is much smaller (Sun et al., 2007) (Liang et al., 2007) as shown in Eq. 11 and Eq. 12. The dosage of iron in the sono-Fenton process was investigated in several studies (Sun et al., 2007; Wang et al., 2008; Ghodbane and Hamdaoui, 2009 ). Sun et al. (2007) found that the degradation of azo dye by sono-Fenton process was distinctly increased with the increasing amount of Fe
2+
. Wang et al. (2008) reported that much higher degradation rate of azo dye reactive brilliant red was observed when more Fe 2+ was added during sonication. Even though the addition of iron salts is generally useful in the increment of organic compound degradation, exceeding dosages of iron salts will decrease the treatment efficiency. Ghodbane and Hamdaoui (2009) Coupling of ultrasound in conjunction with the Fenton process is an effective method for the continuous remediation of toxic organic compounds and non-biodegradable pollutants in water and wastewater systems. In this study, the ethylenediamine (H 2 N-C-C-NH 2 ) was considered as the target pollutant. Ethylenediamine is used in large quantities for the production of many industrial chemicals. It forms derivatives with carboxylic acids (including fatty acids), nitriles, alcohols (at elevated temperatures), alkylating agents, carbon disulfide, aldehydes and ketones. Because of its bifunctional nature, having two amines, it readily forms heterocycles such as imidazolidines. Ethylenediamine is a wellknown chelating ligand for coordination compounds, such as (Co (ethylenediamine) 3 ) 3+ . In Taiwan, ethylenediamine is used as a part of organic stripping liquid composition for washing the surface of unfinished integrated circuit (IC) plate products in the semiconductor substrate process. Contamination of ethylenediamine in the organic stripping liquids is the main organic pollutant source in the wastewater of the industry, which would lead to environmental pollution without efficient treatments. Therefore, for the objectives of shortening the treatment duration and enhancing the degradation efficiency and biodegradability of ethylenediamine wastewater, a sono-Fenton process was carried out and the effects of Fenton's reagent dosages and reaction temperature were investigated.
MATERIALS AND METHODS Materials
The chemical reagents used in this study were ethylenediamine (purity > 99.9%), ferrous sulfate (FeSO 4 ·7H 2 O, purity > 99.5%), and an aqueous solution of hydrogen peroxide (H 2 O 2 , 30% w/w in water). During the analytical processes, potassium iodide (KI), potassium hydrogen phthalate (C 8 H 5 KO 4 ) (KHP), benzaldehyde (C 6 H 5 CHO) and other chemicals were used in determining H 2 O 2 , dissolved organic carbon (DOC) and ethylenediamine concentrations. All the chemicals were the purest grade commercially available and were used without further purification.
Experimental apparatus
A sonicator (Microson VCX 750, 0-750 W, USA) equipped with a sealed converter (Model CV 33, 63.5 mm in diameter and 183 mm in length) and titanium probe tip (Part. No. 630 -0210, 25 mm in diameter and 122 mm in length) operated at 20 kHz was used in this study. The amplitude in the sono-Fenton tests was adjusted at 30% (225 W power output) without pulse length setup. Reactions were performed in a cylindrical reactor (1 L working volume) with a cooling jacket and a circulating temperature controller to maintain the reaction temperature at certain level during the tests. A magnetic mixer controlled the mixing speed of the solution at 100 rpm. Aeration inside the reactor was maintained at 0.2 L of air per minute. Sensors for oxidationreduction potential (ORP) and pH (Suntex PC-3200, Taiwan) were placed in the solution for real-time monitoring. Prior to commencing the experiment, the ORP sensor was rechecked using a standard solution of 220 mV. The schematic drawing of the ultrasonic reactor was shown in .
Experimental conditions and procedure
The initial pH in all experiments was pre-adjusted at 3 and the pH values varied freely without manual correction during the reactions. The initial ethylenediamine concentration was set as 50 mg/L. In sono-Fenton process, the effects of H 2 O 2 dosage (0 -200 mg/L), Fe 2+ dosage (5 -50 mg/L) and reaction temperature (20 -50°C) on ethylenediamine degradation were studied while the water samples were collected at 5, 10, 15, 30, 45 and 60 min for further analyses.
Sample analysis
Determination of ethylenediamine was carried out by gas chromatography equipped with mass spectrometry (GC-MS QP2010, Shimadzu, Japan) using a DB-5MS column (30 m in length, 0.25 μm in thickness, and 0.25 mm in diameter) in the GC oven. Before analysis, 5 mL water samples were collected at set time intervals and 1 mL of benzaldehyde was added and mixed with the water sample for 30 minutes at a mixing speed of 150 rpm for derivation. The GC oven temperature ranged from 70°C (holding time of 2 min) to 230°C (holding time of 5 min) at a ramp of 20°C/min. The injector and detector temperatures were maintained at 230°C and 280°C, respectively. High purity (99.99%) helium was used as a carrier gas (1.5 mL/min) and the sample was analyzed in splitless mode. Mass spectra were obtained by electron-impact (EI) at 70 eV using the full-scan mode.
Prior to sample analysis, a calibration curve was plotted with known concentrations of ethylenediamine (1.56 to 50 mg/L) and an area response with an R 2 of 0.995. Figure 1 shows the mass spectrum of ethylenediamine determination in GC-MS analysis. Based on the appearance of the mass spectrum including peak 91, 104 and 133 and upon comparison with the mass spectra library in GC-MS, the substance can be identified as 1, 2-(dibenzylideneamino) ethane, which is the derivation compound of ethylenediamine through the addition of benzaldehyde. The similarity was greater than 99%. The H 2 O 2 concentration was measured by the KI titration method following the steps proposed by Kormann et al. (1988) . Ethylenediamine mineralization was determined by DOC concentrations, which were measured with the oxalate wet oxidation method using a TOC analyzer (TOC-500, Shimadzu, Japan) for which KHP was adopted as the reference standard. 
RESULTS AND DISCUSSION
Even though the Fenton method or sono-Fenton is useful for degrading the refractory compounds, the production of iron sludge by the addition of Fe
2+
or Fe 3+ is a great concern, and the methodology to find out the optimal dosages of iron oxidants and H 2 O 2 is the most important objective in wastewater treatment. Therefore, the effect of H 2 O 2 and Fe 2+ dosages on the degradation of ethylenediamine was investigated in this study. Prior to the determination of ethylenediamine degradation, the profiles of pH values during the reactions were measured. Six tests such as sole ultrasound (abbreviated as US in the figures), ultrasound/air, ultrasound/H 2 O 2 , ultrasound/air/H 2 O 2 , air/H 2 O 2 and sono-Fenton were carried out (H 2 O 2 was 100 mg/L for all the above tests and Fe 2+ was 20 mg/L) and the experimental data indicated that the profiles of pH values were insignificant and the deviation was ± 0.2 (Fig. 2) . Figure 3 shows the profiles of ORP values during the degradation of ethylenediamine with six treatment methods. It is apparent that the ORP values significantly increase when the six treatment methods are carried out, which indicates that the addition of oxidants (including air or H 2 O 2 ) could provide the ability to degrade the ethylenediamine. Also, as the sono-Fenton process is carried out, it is obvious that the increment of ORP values is much higher than the other five experiments, based on the synthesis effect in the reaction among H 2 O 2 , Fe 2+ and ultrasonic irradiation (Eq. 5 and Eq. 11). tried to use the sono-Fenton process to degrade the carbofuran and found that the increase of H 2 O 2 dosage was profitable to the decrease of carbofuran. However, additional H 2 O 2 dosages were transferred as the ·OH scavenger to catch the ·OH in solution and were worthless to the enhancement of carbofuran degradation. In this study, four H 2 O 2 dosages such as 50, 100, 150 and 200 mg/L were conducted with ) for the degradation of ethylenediamine and the results are shown in Fig. 4 . As seen in Fig. 4 , only 14% of ethylenediamine is degraded by sole ultrasound 60-min reaction time and as 100 mg/L H 2 O 2 is added to the solution, degradation of ethylenediamine increases to 21%. This is comparable to the result shown by Zhang et al. (2009) , where the authors found that ultrasonic cavitation could decompose the H 2 O 2 to produce ·OH and increase the decolorization of dyeing wastewater. In this study, as the dosage of H 2 O 2 was 200 mg/L, degradation of ethylenediamine (20%) was similar to the result of 100 mg/L H 2 O 2 . Therefore, the H 2 O 2 dosage was set at 100 mg/L in the following experiments. This could be explained by Eq. 5 that more formations of ·OH based on the effective reaction among H 2 O 2 and Fe 2+ took place. In addition, based on Eq. 10 and 11, a synergistic effect by coupling the sonication and Fenton process was found and enhancement of ·OH production rate leading to a faster degradation of ethylenediamine. To improve the above phenomenon, this study also compared the degradation efficiencies among sole sonication, sole Fenton and their combination at same reaction condition (40 mg/L Fe 2+ and 100 mg/L H 2 O 2 ). The degradation efficiencies of ethylenediamine were 16%, 33% and 40%, in sole sonication, Fenton and sono-Fenton process, respectively. Based on the above results, it is understood that the summation of ethylenediamine degradation efficiency of sole sonication and sole Fenton should be 49%, which is higher than the result of sono-Fenton process (40%). This phenomenon indicated that the dominant role of sonication in sono-Fenton system would be carried out to decompose Fe-O 2 H 2+ to Fe 2+ and ·OOH so that the ·OH production rate was enhanced for a faster degradation of ethylenediamine. Stavarache et al. (2002) proposed a comparable result that the increment of Fenton's reagent was useful to produce large amounts of ·OH with sonication. In addition, degradation efficiency of soluble organic pollutants was increased. However, in this study, as the Fe Figure 6 shows the profiles of ethylenediamine degradation at different reaction temperatures (20 -50°C) with 100 mg/L H 2 O 2 and 40 mg/L Fe 2+ at pH 3. It was found that the degradation of ethylenediamine was increased from 20 to 39% as the reaction temperature increased from 20 to 25°C. However, as the reaction temperature was increased to 30, 40 and 50°C, degradation of ethylenediamine decreased to 26, 18 and 16%, that is, the higher the reaction temperature, the lower the degradation of ethylenediamine.
Effect of H 2 O 2 dosage

Effect of temperature
Several researches (Riesz et al., 1990; Joseph et al., 2009) proposed that the sonochemical process generated two mechanisms for the degradation of organic compounds: (1) the reaction with ·OH and (2) thermal reaction. The reaction mechanism of the ultrasonic bubble cavity was shown in the study done by Joseph et al. (2009) . There were three reaction regions observed in sonication system: (1) bubble cavity (or gas phase), (2) bubble-liquid interface and (3) liquid bulk. During aqueous sonication, the extreme high temperatures and pressures generated from the collapse of the cavitation bubbles caused the rupture of O-H bond that resulted in the formation of ·OH. During collapse, gas molecules were thermally fragmented to generate a variety of reactive species, including ·OH. The radicals either react and recombine in the gas/gas-liquid Alternatively, organic compounds in the vicinity of a collapsing bubble may undergo pyrolytic degradation due to high local temperatures and pressures. Riesz et al. (1990) also indicated that the extremely high vapor pressures of volatile organic compounds and water molecules inside the cavitation bubbles at higher reaction temperatures led to the fast collapse of the bubbles and reduced the degradation efficiency of compounds. However, additional high temperatures would lead to a very quick bubble collapse taking place, i.e., the bubble collapse time was too short for water molecule cleavage to OH radicals, which was not suitable for increasing the formation of OH radicals. In this study, as the reaction temperature was increased to higher than 30°C, degradation of ethylenediamine decreased. Therefore, a suitable reaction temperature for solution phase is necessary to obtain the optimal degradation efficiency for organic pollutants in sonication and sono-Fenton process.
Biodegradability of ethylenediamine wastewater
To understand the biodegradability of ethylenediamine in wastewater, two factors such as BOD 5 /COD ratio and carbon oxidation state (COS) were generally used. Arques et al. (2007) proposed that the BOD 5 /COD ratio could be used as an important indicator for determining the biodegradability of wastewater. Therefore, in this study, analyses of BOD 5 and COD for the original ethylenediamine wastewater were carried out before the experiments, where the result of BOD 5 and COD were 0 and 55 mg/L, respectively. This indicated that the biodegradability of ethylenediamine was estimated as zero. Besides the BOD 5 /COD ratio, COS is a useful parameter (Eq. 13, where DOC 0 represents the initial DOC of ethylenediamine) that can be employed for evaluating the extent of pollutant oxidation and also the oxidation of intermediates (Arques et al., 2007; Amat et al., 2009 ).
( 1 3 ) Table 1 shows the results of ethylenediamine degradation, DOC removal, COS and BOD 5 /COD ratio at different reaction conditions. In this study, to avoid the overestimation of COD by residual H 2 O 2 in solution, a pH adjustment step for water sample to basic pH level was necessary before COD analysis. It was found that the percentages of DOC removal were much lower than those of ethylenediamine degradation. In fact, the molecular structure of ethylenediamine only consists of a C-C single bond and two amino groups. This single and saturated C-C bond is difficult to be oxidized in solution phase, resulting in the low removal percentage of DOC. In COS, the original ethylenediamine COS was 0.25. After treatments, COS increased to 1.68 -2.70, where the highest one was observed at the experimental condition of 100 mg/L H 2 O 2 , 40 mg/L Fe 2+ and 25°C. Amat et al. (2009) proposed that the increment of COS could be estimated as the efficiency of oxidation process on pollutant degradation; that is, remarkable increase of COS indicated a high consequence of oxidation process. In this study, a higher COS could be identified as a better choice in ethylenediamine. It is seen in Table 1 that the COS of five sono-Fenton process are greater than those of ultrasound/H 2 O 2 process, which could be explained by the contribution of Fe 2+ in the increase of ethylenediamine degradation. Results of BOD 5 /COD ratio change in Table 1 also proposed that the biodegradability increased with the increase of Fe concentration was profitable to the increase of ethylenediamine degradation and biodegradability. However, additional Fenton's reagent concentrations caused the shadow effect between the ·OH and ethylenediamine so that the degradation rate of ethylenediamine decreased. Temperature of 25°C was better than other reaction temperatures. Therefore, it is not necessary to enhance the reaction temperature for the purpose of enhancing pollutant degradation in sono-Fenton system. Based on the results shown in this study, the application of sono-Fenton process as a pre-treatment method prior to the biological treatments of non-biodegradable or refractory organic substances in wastewaters is reliable. 
